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A.  OBJECTIVES 


The  objectives  cited  In  the  research  proposal;  for  the  ONR 

^  j 

contract  N0001 4-80-C-0029^ I ncl uded: • 

V"  1.  Optimization  of  bacterial  magnetite  production  using 
pure  cultures  of  Aquasp I r 1  I  I  urn  magnetotact  I  cum. 

2.1  Development  and  evaluation  of  a  laser  technique  for 
directly  measuring  cell  magnetic  moments  from  magnetic 
field-dependent  culture  birefringence. 

3.  Continued  studies  directed  at  elucidating  the  biochemical 
pathway  of  bacterial  magnetite  formation. 

4.  Analysis  of  the  structure  and  function  of  the  magnetosome 
sheath  (e.g.  the  envelope  surrounding  each  magnetite  grain). 

5.  Initiation  of  studies  of  metal  solubilization  and  uptake 
by  magnetotactic  bacteria. 

Sufficient  funds  were  awarded  to  cover  the  cost  of  part  of 
these  objectives  although  the  period  of  the  contract  was 
shortened  from  the  three  years  requested,  to  two.  The  latter  two 
objectives  were  eliminated  from  the  revised  work  plan.  One  (#  4) 
has  been  adopted  as  a  research  goal  of  BloMagnetech  Corporation, 
as  part  of  a  proposal  presently  under  review  by  the  Defense 
Advanced  Research  Projects  Agency. 

Several  reports  have  been  submitted  describing  progress  of 
ONR  sponsored  research  carried  out  under  this  contract.  These 
Include  Technical  Report  No.  1  submitted  July  1980  (see  Appendix  I), 
and  a  Progress  Report  Abstract  of  Oct.  28,  1981  (see  Appendix  II). 
This  report  details  the  results  of  research  activities  not 
covered  In  either  of  these  preceding  reports,  and  serves  as  the 
Final  Technical  Report  for  the  contract  and  Its  Field  Modifications. 


B.  COMPLETED  RESEARCH  ACTIVITIES 


1.  Optimization  q±  bacterlaJ  magnetite  yields  Results  of 
early  studies  Indicated  that  cells  of  each  type  of  magnetotact I c 
bacterium  found  In  natural  populations  produced  a  more-or- 1  ess 
constant  quantity  of  magnetite.  Remagnetlzatl on  curves  (plots  of 
t  cells  remagnetized  as  a  function  of  the  remagnet Iz t ng  field 
strength)  obtained  by  exposing  cell  populations  to  brief, 
monophaslc  magnetic  pulses,  were  sharp  and  showed  a  narrow 
distribution  about  the  mean.  Cell  populations  of  a  given  type 
appeared  homogeneous  with  respect  to  their  magnetic  moment 
distribution  (12),  and  when  examined  by  electron  microscopy, 
cells  appeared  to  have  a  rather  consistent  number  of 
magnetosomes  (12).  Why  should  this  be  so?  The  most  obvious 
explanations  are  that  cells  somehow  regulate  their  production  of 
magnetite  In  response  to  environmental  parameters,  or  that  the 
number  of  magnetosomes  per  cell  Is  genetically  controlled. 

We  addressed  this  question  using  pure  cultures  of  the 
magnetic  spirillum  A*,  magnetotact  I  cum  (  1  )  with  the  overall  goal 
of  optimizing  magnetite  yield  by  cells  In  controlled  culture 
situations.  We  learned,  not  surprisingly,  that  cell  magnetite 
yield  was  Influenced  by  culture  Iron  supply.  With  no  added  Iron 
In  the  culture  medium,  cells  each  produced  zero  to  several 
magnetosomes  (Fig  1A)  and  the  magnetosome  content  Increased  In 
direct  proportion  to  the  Iron  supply  as  shown  In  Fig.  2.  By 
Increasing  the  iron  supply  to  20  uM,  cultures  were  obtained  with 
an  average  of  8  magnetosomes  per  cell  (Fig.  2),  while  at  40  uM 
iron  they  produced  an  average  of  40  magnetosomes  per  cell  (Fig 
IB).  Thus,  the  absolute  number  of  magnetosomes  produced  per  cell 


did  not  appear  to  be  genetically  controlled.  Even  without 
genetic  manipulation,  cells  may  eventually  be  produced  with 
extremely  high  numbers  of  magnetosomes  If  Iron  precipitation  In 
the  medium  at  high  concentration  can  be  avoided  using  chelators 
that  keep  It  solubilized  but  do  not  also  limit  Its  availability 
to  the  bacteria. 

It  soon  became  apparent,  that  O2  Influences  cell  magnetite 
production  (4;12;17).  Thus,  at  high  O2  cells  eventually  grew  but  did 
not  produce  magnetosomes  and  were  not  magnetotactic.  At  a 
constant,  non-llmltlng  Iron  supply,  cells  In  one  study  produced 
an  average  of  18  magnetosomes  (Balkwlll.  Haratea  and  Blakemore  - 
referenced  In  4)  whereas  In  another  carried  out  at  the  same  iron 
concentration  but  at  lower  Po2  (unpublished  data  shown  in  Fig. 

2),  they  produced  an  average  of  only  8  magnetosomes  per  cell. 

We  have  recently  begun  an  extensive  and  comprehensive  study 
of  the  effect  of  02  on  cell  magnetite  formation  and  yield.  The 
results  to  date  (12-17)  have  not  only  confirmed  the  repressive 
effect  of  high  Po2.  but  have  also  revealed  that  cells  will  not 
produce  magnetite  when  the  Initial  P02  Is  below  about  1  kPa  (1j 
of  saturation).  These  unexpected  results  are  probably  going  to 
be  of  rather  broad  Interest.  Geologists  have  lamented  the  lack 
of  fossils  which  are  Indicative  of  free  atmospheric  O2.  Thus, 
the  study  of  the  fine  structure  of  the  evolution  of  earth’s  early 
atmosphere  during  the  Archaen-Ear ly  Proterozoic  era  would  be 
advanced  If  such  fossil  evidence  existed.  Klrschvlnk  and  Chang 
(cited  In  12)  reported  bacterial  magnetosomes  as  mlcrofosslls 
preserved  in  sediments.  If  this  Is  true  then  bacterial ly  derived 
sediment/rock  magnetite  could  become  useful  fossil  and 


pal eomagnetl c  evidence  for  deposits  formed  only  after  free  02 
became  available  on  earth  -  possibly  when  the  earth's  atmosphere 
was,  by  today's  standards,  m Icroaerobi c.  This  Is  also 
Interesting  In  the  light  of  our  growing  conviction  that  all 
magnetotactic  bacteria  are  fasttdeous  m Icroaeroph l I es. 

A  second  finding  from  this  study  of  02  effects  pertained 
to  culture  nitrogen  supply.  Cells  produced  magnetite  optimally 
when  they  were  denitrifying  (e.g.  using  NO3”  as  a  terminal 
electron  acceptor)  In  contrast  to  respiring  with  02  as  the 
terminal  acceptor  (12;17).  This  suggested  that  culture  magnetite 
yields  were  related  to  the  principal  electron  acceptor  used  by 
cells  and  to  their  mode  of  electron  transport. 

Our  Investigations  of  the  manner  In  which  cells  reduce 
nitrate  started  out  as  peripheral  to  the  goals  of  ONR  sponsored 
research  but  took  on  a  more  central  role  as  It  became  apparent 
that  cell  nitrogen  supply  affected  cell  magnetosome  yield.  This 
work  (D.  A.Bazy  I  I  nskl  ,  1  983.  Ph.D.  thesis  U.N.H.;  6;  13;  14)  revealed 
that  cells  denitrify  with  the  production  of  nitrous  oxide  (N20) 
and  dinltrogen  (N2).  Nitrite,  which  was  toxic  for  cells,  did  not 
accumulate;  presumably  because  the  nitrate  reductase  activity  was 
lower  than  the  rate  of  nitrite  and  nitrous  oxide  reduction.  Of 
particular  Interest,  we  found  that  cells  of  the  m  I  croaeroph  1 1  e  A. 
magnetotact  1  cum  denitrify  In  the  presence  of  low  amounts  of 
oxygen.  This  organism  was  one  of  only  three  which  have  been 
shown  to  do  so  -  all  within  the  past  year.  Our  studies,  however, 
are  the  first  which  document  that  a  single  organism  with  an 
obligate  requirement  for  02  can  coicom ftant I y  denftrlfy  and 
respire  aerobically.  Thus,  the  regulation  of  this 


m I croaeroph II e’s  nitrogen  reducing  enzymes  by  0£  appears  to 
differ  from  that  of  other  den  I tr I fyers,  and  the  findings  also 
emphasize  that  this  organism  Is  an  obligate  m 1 croaeroph 1 1 e  and 
will  not  grow  anaerobically  even  with  nitrate  In  its  medium. 

We  looked  for.  and  found.  Iron  reductase  activity  In 
magnetic  bacteria  (16).  As  yet  we  have  not  determined  the  role 
of  Iron  reduction  by  these  cells  although  we  are  Interested  In 
determining  whether  nitrate  reductase  of  the  magnetc  spirillum 
will  function  In  the  reduction  of  Iron  -  perhaps  In  a  process 
related  to  magnetite  formation.  This  might  explain  why 
denitrifying  cells  are  especially  adept  at  producing  magnetite, 
for  Instance.  Although  preliminary  results  (16)  have  suggested 
that  the  nitrate  and  Iron  reductase  activities  were  separate  In 
the  magnetic  spirillum,  we  are  continuing  research  In  this  area 
at  the  present  time.  Evidence  for  Iron  reduction  was  also 
obtained  from  analysis  of  cells  by  Mossbauer  spectroscopy 
(5;8,*9). 


Results  of  a  related  study  addressing  cell  nitrogen 
metabolism  Indicated  that  cells  of  A.  magnetotact Icum  were 
nitrogen  fixers  (7).  Moreover,  their  nitrogen  fixation  rates 
were  found  to  be  greater  than  those  of  Azosp I r I  I  I  urn  I  I pof erum, 
the  organism  now  receiving  considerable  attention  In  biotech¬ 
nological  circles  as  possibly  being  useful  in  agriculture. 

Our  explorations  of  cell  Iron  and  nitrogen  metabolism  have 
opened  up  new  areas  of  research,  some  of  which  we  hope  to  pursue 
If  a  research  contract  proposal  entitled  "Iron  Associated  Outer 
Membrane  Proteins  of  Magnetic  Bacteria"  now  before  ONR,  proves 
of  value  to  Naval  objectives. 


■.  •-M 


2.  Development  q±  an  optlcai  method  for  dirgclly  measuring  cel  I 
magnetic  moments:  Work!  ng  col  I  abora  +  l  vely  w  I +h  Dr.  Richard 
Frankel  and  Dr.  Charles  Rosenblatt  of  the  Francis  Bitter  National 
Magnet  Laboratory  of  M.  I.T.,  we  have  developed,  tested  and  used  a 
new  method  of  determining  cell  magnetism.  This  technique  Is 
based  upon  directly  measuring  the  magnetic  field-dependence  of 
the  optical  birefringence  of  magnetic  cells  suspended  In  their 
culture  medium.  This  proved  to  be  a  successful  technique  and  It 
was  appl  led  In  the  study  of  the  effect  of  oxygen  upon  cel  I 
magnetism  referred  to  above.  Although  some  effort  to  duplicate 
the  necessary  laser  I nstrumentati on  using  donated  outdated  or 
borrowed  eqlpment  was  undertaken  here  at  UNH,  this  was  later 
abandoned  In  favor  of  preserving  cells  In  fixative  and  shipping 
them  to  M.  I.T.  for  analysis.  Recently  we  have  been  using 
electron  microscopy  to  evaluate  cell  magnetosome  yield  In 
conjunction  with  these  measurements.  The  optical  birefringence 
methods  do  not  give  information  concerning  the  proportion  of 
cells  In  the  population  which  are  not  at  all  magnetic;  they  only 
provide  Information  concerning  the  relative  magnetism  of  the 
magnetic  cell  fraction.  In  lieu  of  fabricating  a  second  setup, 
we  have  recently  decided  that  to  obtain  Information  concerning 
culture  magnetism  we  will  place  more  emphasis  upon  the  use  of 
chemically  fixed  culture  samples  for  electron  microscopy  using 
negative  staining. 

3.  The  pathway  of  bacterial  magnetite  formations  The  second  major 
activity  carried  out  under  the  contract  was  an  Investigation  of 
the  manner  In  which  cells  produce  magnetite  from  soluble 
(chelated)  Iron  supplied  In  their  culture  medium.  The  bacterial 


system  has  provided  a  splendid  opportunity  to  examine  biogenic 
magnetite  formation  and  the  results  have  been  most  rewarding. 

This  work  (5;8)  has  been  carried  out  col  I abor ati vel y  with  Dr. 
Richard  Frankel  of  M.l.T.  We  prepared  cells  enriched  In  ^7Fe  by 
growing  them  under  controlled  aeration  using  a  galvanic  oxygen 
electrode.  The  cells  were  harvested  and  fractionated  according 
to  a  prearranged  protocol  and  the  various  cell  fractions  were 
analyzed  by  means  of  Mossbauer  resonance  spectroscopy  In  Dr. 
Frankel's  laboratory.  Wild  type  magnetic  cells  were  analyzed  as 
were  wild  type  cells  harvested  early  (before  they  had  become 
magnetic).  In  addition,  we  obtained  and  analyzed  mutants  which 
were  not  magnetotactic  and  which  did  not  produce  magnetite  under 
any  conditions.  The  mutants  were  obtained  by  growing  cells  In 
very  strong,  permanent  Inhomogeneous  magnetic  fields.  A 
screening  method  was  developed  making  use  of  the  magnetotactic 
response  of  cells  containing  magnetite,  (see  Fig. 3).  Methods  for 
culturing  fastldeous  m I croaeroph 1 1 es  on  plates  of  semlsolld  media 
had  to  be  developed.  All  work  had  to  be  conducted  In  a 
mlcroaeroblc  atmosphere  maintained  within  a  special  glovebox 
equipped  with  an  oxygen  electrode  used  to  continuously  monitor 
the  Po2. 

The  results  of  this  Joint  research  have  provided  us  with  the 
first  overall  understanding  of  how  bacteria  produce  magnetite  at 
temperatures  and  pressures  compatible  with  life  (5;8;9;).  Cells 
appear  to  first  take  up  ferric  Iron  from  chelates  In  their 
environment  and  reductlvely  release  It  In  the  cell  Interior. 
Ferrous  Iron  Is  apparently  rapidly  reoxtdtzed  and  deposited 
I ntracel I ul arl y  as  a  low  density  hydrous  ferric  oxide.  This 


oxidation  step  especially  If  mediated  by  a  dloxygenase  enzyme, 
may  be  the  point  at  which  molecular  oxygen  is  required  for 
magnetite  formation.  The  low  density  hydrous  Iron  oxide  Is 
apparently  converted  via  dehydration  to  a  high  density  ferric 
oxide.  This  material  has  the  characteristics  of  f  err  I  hydr  l  te. 
the  form  In  which  Iron  occurs  within  the  cores  of  the  Iron 
storage  compound,  ferritin.  The  final  step  In  bacterial 
magnetite  formation  appears  to  Involve  reduction  of  1/3  of  the 
Iron  atoms  In  ferrlhydrlte  and  further  dehydration  to  form 
magnetite.  The  partially  purified  bacterial  magnetosome  fraction 
which  contained  the  magnetosome  sheaths,  also  contained 
ferrlhydrlte.  In  a  more  recent  study  of  the  process  of  magnetite 
crystal  growth  (11),  evidence  was  obtained  that  an  amorphous 
gel-1  Ike  region  surrounding  each  magnetite  grain  consisted  of  the 
hydrated  Iron  (III)  oxide  phases  Identified  by  Mossbauer 
spectroscopy.  These  observations  suggest  an  Important  role  of 
the  magnetosome  sheath  In  the  physics  and  chemistry  of  magnetite 
formation.  The  Involvement  of  ferrl  hydrl  te/f  err  I  tl  n  In  bacterial 
magnetite  formation  Is  especially  Interesting.  There  are  only 
three  prokaryotes  known  at  present  to  contain  ferritin. 
Azotobacter  vln I  and  I  1  has  a  recently  discovered  bacter I  of  err  1 1 1 n 
which  Is  also  a  cytochrome.  Escherichia  co I  I  has  an  Iron  storage 
protein  with  the  characteristics  of  ferritin,  and  our  studies 
have  brought  to  light  a  f errr I tl n-l  I ke  material  In  magnetic 
bacteria.  The  significance  of  these  Iron  compounds  or  the  extent 
of  their  distribution  among  prokaryotes  Is  not  at  all  clear  at 
the  present  time. 

The  details  of  magnetite  formation  by  bacteria  (the  manner 


In  which  cells  obtain  Iron  and  reduct Ively  move  It  Into  the  cell 
compartment,  the  role  of  the  magnetosomes  sheath,  the  enzyme 
activities  Involved,  the  possible  participation  of  electron 
transport  to  Iron,  the  possible  role  of  proton  motive  force,  the 
chemical  basis  for  the  O2  requirement,  the  cell  structural 
features  which  control  the  Intracellular  location  of 
magnetosomes,  whether  the  chemical  composition  or  the  morphology 
of  the  bacterial  magnetosome  can  be  controlled  and  diverse  other 
questions)  have  yet  to  be  worked  out.  Nevertheless,  the  overall 
process  as  we  now  understand  It  appears  remarkably  similar  to 
that  employed  by  chitons  (primitive  marine  molluscs).  These  are 
the  only  other  organisms  for  which  the  chemistry  of  magnetite 
formation  has  been  worked  out. 

Detailed  methods,  results  and  conclusions  of  the  contract- 
supported  work  are  provided  In  the  published  manuscripts  and 
reports  which  have  emanated  from  the  research.  These  are 
listed  as  references  In  section  D  of  this  report  entitled 
PUBLICATIONS,  and  are  compiled  In  APPENDIX  III. 


FIGURE  1 A 


FIGURE  3.  Screening  method  used  to  obtain  non-magnetotactlc 

bacterial  mutants.  Colonies  containing  magnetic 
bacteria  are  el  ipso Id  because  cells  run  in  the 
direction  of  the  magnetic  field  applied  to  the 
Petri  dish.  Non-magnetlc  cells  proauce  spherical 
colonies  (arrow). 
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